Batrachoidids, which include midshipman and toadfish are less known among embryologists, but are common in other fields. They are characteristic for their acoustic communication, and develop hearing and sound production while young juveniles. They lay large benthic eggs (N5 mm) with a thick chorion and adhesive disk and slow development, which are particularly challenging for studying embryology. Here we took advantage of a classical tissue clearing technique and the OPenT open-source platform for optical tomography imaging, to image a series of embryos and larvae from 3 to 30 mm in length, which allowed detailed 3D anatomical reconstructions nondestructively. We documented some of the developmental stages (early and late in development) and the anatomy of the delicate stato-acoustic organs, swimming bladder and associated sonic muscles. Compared to other techniques accessible to developmental biology labs, OPenT provided advantages in terms of image quality, cost of operation and data throughput, allowing identification and quantitative morphometrics of organs in larvae, earlier and with higher accuracy than is possible with other imaging techniques.
Introduction
Fishes are the largest extant group of vertebrates and exhibit a tremendous diversity of features and adaptations (Nelson, 2006) , including many homologous to vertebrate tetrapods (e.g. Bass et al., 2008) . The study of embryonic development presents a unique opportunity to investigate those homologies. Most of what we known of fish embryology derives from work on the model organisms zebrafish and medaka (Kimmel et al. 1995; Iwamatsu, 2004) , whose transparent and small embryos are easily studied with conventional microscopy. Fish embryos vary considerably both in size and shape (Richardson et al., 1997) , with zebrafish and medaka falling at the small end of the spectrum. On the other end, larval stages (even of the two small species), are too large for conventional microscopy and are still studied resorting mostly to histological sectioning (e.g., Sabaliauskas et al., 2006) . (See Table 1 .)
Morphomics and a rekindled interest in detailed anatomical studies have recently gained prominence in developmental biology, after mesoscopic imaging by "Optical Projection Tomography" or "LightSheet Microscopy", were introduced to embryology by Sharpe et al. (2002) and Huisken et al. (2004) , respectively. Both techniques proved valuable to study embryos of model organisms, in ways that were not possible with conventional microscopy; for example, light-sheet microscopy is well suited for imaging the early development of live zebrafish and drosophila embryos (Huisken et al., 2004; Keller et al., 2008) , and optical tomography for 3D imaging large embryos (Bryson-Richardson and Currie, 2004; Ruparelia et al., 2014) . The open-source community has already provided "DIY" solutions based on hardware and software which, for the most part, are already familiar to developmental biologists (Pitrone et al., 2013; Gualda et al., 2013) . A question some labs are facing is whether these techniques, in simpler open-source forms are "worth the trouble", in other words, whether they provide better results than those obtained with existing techniques, and effectively solve the difficulties of large non-model organisms.
Fishes from the Batrachoididae family, which include midshipman and toadfish, are less familiar to developmental biologists, but widely used in ecotoxicology and ethology (Caçador et al., 2012) , in bioacoustics (Rice et al., 2011; Vasconcelos et al., 2012) and neurophysiology (Bass et al., 2008; Vasconcelos et al., 2011; Elemans et al., 2014) . Batrachoidids lay large benthic eggs (N 5 mm) with a thick chorion and adhesive disk, and the embryos develop rather slowly (Arora, 1948; Dovel, 1960; Britz and Toledo-Piza, 2012) , making them less amenable for ontogenetic studies. They are characteristic for their acoustic communication, and although it is known that hearing and sound production develop early (Vasconcelos and Ladich, 2008; Alderks and Sisneros, 2011; Vasconcelos et al., 2015) the details on the ontogeny of the associated anatomical structures remain largely unknown. Those structures are too minute and delicate for micro dissection, and yet too large and deep inside the larvae to be accessible by conventional microscopy; furthermore, since some of the structures are cavities (e.g., the contents of the otic capsule) they cannot be properly dissected out, and are best studied intact in toto. Having obtained a collection of Halobatrachus didactylus (the Lusitanian toadfish) embryos at several stages with sizes ranging from 3 to 30 mm in length, we took advantage of a classical tissue clearing technique and a custom-built "OPenT" -optical tomography scanner, based on the OpenSpinMicroscopy platform (Gualda et al., 2013) , to gain insight into the anatomy and development of the stato-acoustic organs, swimming bladder and associated sonic muscles, and highlight the potential of optical tomography as a prime tool for developmental biologists.
Results & discussion
The H. didactylus embryos were first visible only between 10-12 days post-fertilization (dpf) as a 2.8-2.9 mm long streak with an engorged rostral end. After the second week, embryos reached N 3 mm in length, and showed a neural tube, otic and optic vesicles, pectoral fin buds and overt segmentation of paraxial mesoderm (Fig. 1C) , with 15-20 somites; none of the major organ systems were yet recognizable at this stage. As a way of comparison, this was merely equivalent to a zebrafish 17 h post-fertilization (Kimmel et al., 1995) . Up to this stage, the embryos were too small and positioned far from the centre of the large yolk mass, to allow optimal imaging with optical tomography. They could be imaged with confocal microscopy ( Fig. 1 ), but that required excising the embryo from the yolk sac and acquiring Z-stacks in multiple adjacent fields (followed by 3D-image stitching) using a 10× objective, otherwise the embryo's natural curvature did not provide access to the limited working distance of high-quality objectives; confocal imaging with low NA (e.g. 4 × magnification) objectives did not provide images properly resolved in depth.
After the first two weeks, and throughout organogenesis, embryos could no longer be imaged with confocal microscopy and only OPenT provided images of the whole embryo and its internal anatomical details (Figs. 1, 2) , with magnifications of 0.3-3 × at the detector plane, a range of magnifications not available on conventional confocal microscopy setups. Large-scale (i.e., low magnification) laser-scanning imaging with a "macro confocal" allowed imaging of a lateral field-ofview closer to that of OPenT, but with significantly limited axial fieldof-view and resolution, when imaging 30 dpf embryos. Though the lateral resolution was high (at the embryo surface), the 3D dataset was highly anisotropic, showing low axial resolution and light penetration when compared to images obtained with OPenT (not shown).
After the first four weeks of development, all H. didactylus embryos had hatched and most organ systems were already visible. These larvae were developmentally equivalent to a 60 h pec-fin stage zebrafish (Kimmel et al., 1995) , though almost 3× larger. Our observations of external anatomy were similar to those described for the oyster toadfish Opsanus tau by Tracy (1959) and Dovel (1960) . Our use of OPenT allowed the reconstruction and analysis of both the external and internal 3D anatomy in situ of H. didactylus, without the need to dissect or section embryos or larvae, up until free-living forms 3 months old (N 20 mm long; Fig. 1 ), often allowing identification of organs earlier than was detected using a dissecting stereoscope. This demonstrates that OPenT is a useful technique to study large embryos and larvae, allowing detailed morphological studies up to late stages, covering the full mesoscopic range.
Measurements obtained from 3D datasets, allowed us to follow the embryo's natural curvature and determine the full length of the body and head. The body grew progressively from the second week onward at a pace of 0.147 mm/day (~6 μm/h), slowing down at the end of the second month (Fig. 2C ). This rate of growth is comparable to that previously reported for O. tau (Tracy, 1959) , and considerably slower than that reported for Danio rerio which grows at a rate of 125 μm/h during embryogenesis and at 20 μm/h during larvagenesis (Kimmel et al., 1995) . By the end of the second month, the yolk mass had been consumed ( Fig. 1 ) and larvae begun feeding and swimming freely. Interestingly, the head of H. didactylus (measured as the distance from tip of mouth to level of pectoral fin bud) grew constantly throughout organogenesis and larvagenesis ( Fig. 2C ), which contrasts with zebrafish and medaka whose heads' length practically does not increase during organogenesis and early larvagenesis (as per figures in Kimmel et al., 1995; Iwamatsu, 2004) . A disproportionately large head is a feature of most vertebrate embryos and early larvae, and is lost during larvagenesis as the body lengthens at a fast pace. Our observations suggest that the disproportionately large head patent in juvenile and adult Batrachoidids, may be a neotenic trait, instead of a morphological characteristic that develops secondarily.
Because of the interest of H. didactylus as a model organism for studies of communication we then focused our observations on the anatomical details of the stato-acoustic organs. We found that the semicircular canals (SCCs) + sacullae and swim bladder were well visible before the end of the first month (Fig. 2) . Using OPenT 3D reconstructions we were able to identify and precisely measure these structures earlier than was possible using a stereoscope and dissection of fresh larvae. Before the end of the first month, the ovoid-shaped otic vesicle had transformed into a complex assembly of cavities which, when reconstructed in 3D resembled a typical inner ear of fish, with three yet incomplete SCCs, and the saccule and lagena ( Fig. 2A) . At 50 dpf, the three SCCs were completely formed (i.e., their lumen was continuous), and a utricule was now well individualized (Fig. 2B) . The length of the otic capsule also increased linearly from the second week onwards until the end of the second month (Fig. 2D) . The swim bladder first appeared as a minute sac (collapsed dorso-ventrally) appended to the gastro-intestinal tract dorsally ( Fig. 2A) , although the sonic muscles were not yet discernible; this was not noticeable with stereoscopy, even after dissecting the larva. Later, at 50 dpf the swim bladder had differentiated into two well individualized sacs, each with an associating sonic muscle which appeared as two cell masses positioned medially to the swim bladder (Fig. 2B) . The growth of the swim bladder also seems to be linear during the first 2 months of development. The datasets obtained with this work will be made available publicly through the "Haeckaliens" online database (www.gabygmartins.info/ research/haeckaliens), and the segmented organs of two specimens can be inspected in 3D interactively with the 3D figure is supplementary materials using the standalone Acrobat reader application (Adobe).
Video 1 shows a sequence of coronal, sagittal and axial sections of 30 and 46 dpf embryos, and a 3 month-old larva. The 3D reconstructions of these organs allowed measurements with a nominal resolution of 2.75 μm (empirical resolution, measured as "half-width-at-halfmaximum" of small features, was of 5 μm; for the largest larvae, nominal resolution was 5 μm, and empirical 10 μm).
Compared to other techniques accessible to developmental biology labs, OPenT provided clear advantages both in terms of image quality, cost of operation and data throughput. Though images of confocal microscopy are better resolved when imaging early embryos (i.e., before the onset of organogenesis), they require excision of embryos and acquisition of multiple high-magnification Z-stacks + 3D-stitching, which is impractical once organogenesis is underway and organ systems begin assembling.
Other contenders to OPenT are X-ray micro-Computed Tomography (μCT) and micro-Magnetic Resonance Imaging (μMRI), which we did not test. However, OPenT image details and speed acquisitions were one order of magnitude smaller than those typical of μMRI and similar to μCT, and cost of installation/operation two orders of magnitude lower than μCT, its closer contender. One further advantage of OPenT for developmental biologists, besides the accessibility of the Fig. 1. A) 12 dpf H. didactylus embryo, fixed, dechorionated and imaged with: fluorescence stereoscopy (top inset), confocal microscopy (middle) and OPenT (bottom). The embryo was excised from the egg before imaging with the stereoscope and confocal microscope. B) Similar embryo imaged "fresh" with side-illumination and a colour camera coupled to a stereoscope; because of the curvature, the embryo cannot be imaged completely in a single field-of-view. C) 3D reconstruction of a 16 dpf embryo imaged with optical tomography; because of their volume and curvature around the yolk sac, these embryos could no longer be properly imaged in 3D with confocal microscopy. D) 3D reconstruction of a 26 dpf embryo imaged with optical tomography. By this stage most organ systems had formed and internal anatomical details could easily be studied (see Fig. 2 ); these were not visible in images obtained with a "macro" confocal. E) 42 dpf embryo. F) Larva at 3 months, already free-swimming and completely devoid of yolk. Total length = 24.76 mm. See Supp material "Movie 1" for slices and details of internal anatomy of embryos depicted in D), E) and F). Scale bars represent 1 mm. technique, is the similarity of sample preparation and imaging protocols.
The accessibility to image organs deep inside embryos/larvae without having to physically dissect them is important to create visual 3D maps of the location and shape of these organs, and to understand how they are formed during development. It is especially important in the case of inner-body cavities, such as SCCs or the otic vesicles, which cannot be easily dissected out and are best studied in toto. Following with precision the development of hearing and sound organs allows parallels with studies of ontogenesis of behaviour of acoustic communication and its role in social interactions. It is also useful for studies involving the physiology of hearing and sound production, namely to define the ages at which these organs are formed and function and for the proper positioning of electrodes for stimulation. It has potential application for developing optogenetics methods which rely on precise location of tissues/cells of interest in deep tissues. OPenT can easily cope with large embryos, of which H. didactylus is a particularly challenging example, but also large larval stages of more common species, which are typically not used because of their size, especially zebrafish larvae beyond the first days of development.
One particular aspect of the whole imaging and analysis workflow that remains a challenge for all these techniques is the automatic segmentation of anatomy. In our case, due to the isometric nature of reconstructed tomograms, image stacks typically contained hundreds-tothousands of optical sections, and manual or semi-automatic segmentation, though cumbersome and with low throughput, still was more dependable than even machine learning tools such as those of WEKA segmentation or Ilastik (Hall et al., 2009; Sommer et al., 2011) . We facilitated the semi-automatic segmentation process by subtracting from the reconstructed 3D tomogram a derivative (e.g. a Sobel edge detection or Gradient Magnitude); interestingly this procedure also alleviated some of the star-like and beam-hardening artefacts that can occur with reconstruction of optical CT images.
Another standing challenge to researchers is the difficulty in presenting real 3D imagery along the traditional manuscript format. For that, we have explored accessible online tools which require only limited computer expertise from life-scientists. This included the preparation of interactive 3D-pdf illustrations as in Ruthensteiner and Heß (2008) , an example of which is presented in the supplementary materials, and the use of simple online tools for dissemination of OPenT 3D datasets such as those used in the "Haeckaliens" online database.
Materials & methods

Egg/embryo collection
Fertilized eggs were collected in an intertidal zone of a sandy beach in a public-restricted area (38°41′ 41″ N, 9°2′ 55″ W, Montijo, Portugal), and took place during the breeding season (June-July 2013). Artificial nests were placed 2 m apart and their inner surface was coated with plastic sheets to facilitate egg collection. Territorial males spontaneously occupied these nests and the females, attracted by the vocalization of males, entered the nest to spawn, after which the eggs were fertilized. This "semi-natural" approach did not allow us to determine the exact date and time of fertilization, so we also collected males and females and kept them, in loco, in pools with artificial nests; in this case eggs were collected immediately after fertilization and we could record the first stages of development. These eggs were treated similarly to those of the intertidal area and used to determine the exact age of the latter. Collected eggs were then transported to facilities at Lisbon University and kept in aquaria under controlled conditions: salinity of 22 and average temperature of 19°C (±1), with constant aeration. To follow and register embryonic and larval development, a sample of four eggs was collected randomly from the batches at pre-set time intervals: every 12 h for the first four days; every 24 h for the following five days; every 48 h for the next 10 days; and every 96 h until the onset of the juvenile stage. Embryos/larvae were anesthetized with MS222 and in vivo images were collected using a Leica DFC 280 digital camera, coupled to a Leica MZ6 stereomicroscope and the Leica Application Suite v4.1. Later, all larvae were exposed to a lethal dose of MS222, for further sample preparation and 3D imaging.
Sample preparation, 3D image acquisition, analysis and presentation
For 3D imaging (optical tomography & confocal microscopy), embryos were fixed in 4% formalin for 24 h at 4°C, washed extensively with PBS and H 2 O at room temperature, and then slowly dehydrated through a series of methanol solutions up to 100%. This dehydration step, required for tissue clearing, was gradual to minimize tissue deformations and anisometric shrinkage. When observed fresh under a stereoscope, the eggs measured an average diameter of 6.19 ± 0.39 mm, and after dehydration they had shrunk an average 9.4% (5.66 ± 0.31 mm); all measurements presented herein do not account for this shrinkage.
Dehydrated embryos were then transferred to BABB (benzyl alcohol:benzyl benzoate 1:2) until the tissues became completely transparent, which required 1-5 days. Cleared embryos were glued with cyanocrylate to the tip of a metal rod which was magnetically attached to a stepper-motor axis, and imaged using a custom-built OPenT optical tomography scanner as described in Gualda et al. (2013 Gualda et al. ( , 2014 , which, along with the official website includes all details on how to build the system (https://sites.google.com/site/openspinmicroscopy/). For image acquisition, we used a DMK 2Mpixel camera (The Imaging Source Inc.) mounted on an Infinitube 1× lens + lens tube assembly (Infinity Optics), and captured the fluorescence of whole embryos while rotating. To obtain different magnifications we changed the tube length in infinity space behind the objective, adjusting it so the embryo image completely filled the CCD detector. Tissue auto-fluorescence was obtained by excitation with a 470 nm LED source (+470 ± 20 nm excitation filter), and collected after a LP510nm emission filter at infinity space in the lens tube. A total of 1600 projections were acquired for a 360°turn using micromanager and the OpenSpin plugin (Gualda et al., 2013 ). The projection dataset was then pre-processed by noise filtering and alignment of the rotation axis using FIJI (Schindelin et al., 2012 ; see more details also in Gualda et al., 2013) , and subsequently, backprojection reconstructed with the free software NRecon (Skyscan Inc.). This produced an isometric 3D stack of sections from which the internal anatomical details and 3D reconstructions could be studied (see Supp Material movie1). For comparison purposes, Z-stacks were also acquired with confocal imaging, either a Leica SP5 confocal using a 10 × 0.3NA objective (early stage embryos) or a zoom macroconfocal Leica LSI (30 dpf).
The 3D stacks were then processed and segmented (internal organs digitally "labelled") using Fiji and Amira v5.3 (FEI Inc.). To facilitate semi-automatic segmentation, in some cases we computed a derivative of the original stack ("gradient magnitude" or "Sobel edge detection"), which was then subtracted from the original stack. After segmentation, each organ was turned into a 3D model, exported as Wavefront "obj" file and later imported into Simulab composer V4 (Simlab soft) to prepare the 3D PDF interactive illustration (Fig. 2) . Movie 1 was prepared using FIJI. The whole body, head, inner ear and swim bladder were measured with both FIJI or Amira, using 3D reconstruction of the whole volume or of free-angle slices, and measured as antero-posterior lengths. In SCCs we considered this to be the linear distance between the anteriormost end of anterior SCC and the posterior-most end of the posterior SCC. The full body length and head were measured from the tip of the nostril to the posterior end of the tail; when the embryo presented a curvature we followed the body's mid axis using a spline. The headbody separation was limited at the level of insertion of the fin buds, or in earlier stages at the caudal end of the otic vesicles. The measurements presented are an average of 2-3 embryos at the stages mentioned.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.mod.2016.03.001.
